By using the first-principles method based on density of functional theory, we study the electronic properties of twisted bilayer graphene with the rotation angle and the interlayer spacing. With the decrease of the rotation angle (the unit cell becomes larger), the energy band becomes narrower and Coulomb repulsion increases, leading to the enhancement of electronic correlation; On the other hand, as the interlayer spacing decreases and the interlayer coupling becomes stronger, the correlation becomes stronger. By tuning the interlayer coupling, we can realize the strongly correlated state with the band width less than 0.01 eV in medium-sized moiré cell of twisted bilayer graphene. These results demonstrate that the strength of electronic correlation in twisted bilayer graphene is closely related to two factors: the size of unit cell and the distance between layers. Consequently, a conclusion can be drawn that the strong electronic correlation in twisted bilayer graphene originates from the synergistic effect of the large size of Moiré cell and strong interlayer coupling on its electronic structure.
I. INTRODUCTION
As one of the most famous problems in condensed matter physics, the electronic correlation has always been a hot research subject because lots of exotic electronic properties, such as high temperature superconductivity, heavy fermion, and Mott insulator, are related to the strongly correlated systems. Many transition metal oxides belong to such materials, in which the behavior of electrons is complex due to the many-body interaction among them. Generally, strongly correlated materials such as NiO and LaSrCuO have partially filled d-or felectron shells and there exist the strong Coulomb repulsion between d-or f-electrons. Their electronic structures simulated by density functional theory based on local density approximation (LDA) indicate that they are good conductors, but in fact they are insulators. So the electronic correlation must be taken into account in electronic properties calculation, and LDA+U method and the combination of LDA and dynamic mean field theory are developed to explain the experimental results in strongly correlated fields. From the viewpoint of electronic structure, an important and typical feature for the strongly correlated materials is that the narrow and flat bands emerge around the Fermi energy.
Apart from the materials containing metal element with d-or f-electron shell, organic conductor and superconductor mainly composed of carbon and hydrogen element are also considered as strongly correlated materials. For example, the superconducting transition temperature (T c ) is up to 40 K in Cs 3 C 60 under 15 kbar pressure, [1] and the T c of K-doped 1,2:8,9-dibenzopentacene (C 30 H 18 ) superconductor is 33 K un- * yanxunwang@163.com der ambient pressure. [2] As for the first organic superconductor (TMTSF) 2 PF 6 , the coexistence of superconductivity and antiferromagnetism were probed by nuclear magnetic resonance experiments, indicating the strong correlation character of (TMTSF) 2 PF 6 . [3] Recently, twisted-angle bilayer graphene (TBG) with small 'magnic' angle of 1.1
• exhibits the correlated insulating state and the intrinsic unconventional superconductivity, and the temperate-density phase diagram shows many similarities with that of high temperature cuprate oxide superconductors. At small twist angle, the bands of TBG near the Fermi energy are flat and narrow. These dipersionless bands are intimately associated to the electron correlation, and is regarded as the electronic signature of strongly correlated materials. Seen from this perspective, the graphene bilayer superlattice, caused by the rotation of top layer with respect to bottom layer, provides a new scheme to create the strongly correlated state in the low-dimensional materials consisting of simple carbon element without d-or f-electron shells, which can reduce the difficulty and complexity of the electronic correlation researches.
how to understand the electronic correlation in TBG systems is a vital issue. In previous theoretical studies, many researches are focused on the band structure and Van Hove singularities in density of states based on tight-binding method in combination with ab initio calculation. [4] There is few researches to refer to the relationship between the size of superlattice cell and the strength of electronic correlation. In the paper, we investigate the formation of flat band states of TBG from the standpoint of microscopic atomic structure based on the first principle calculations. Firstly, the electronic structures of TBG with some selected angles are presented and the factors to affect the width of bands near the Fermi energy are analysed. Secondly, we study the effect of pressure on the electron correlation in TBG. Finally, the electronic correlation in organic superconductors, such as alkli-doped C 60 , (TMTSF) 2 PF 6 , alkli-doped dibenzopentacene, is discussed.
II. COMPUTATIONAL DETAILS
The plane wave pseudopotential method was used in our calculations as implemented in Vienna Ab initio simulation package (VASP) program. [5, 6] The generalized gradient approximation (GGA) with Perdew-BurkeErnzerhof (PBE) formula [7] for the exchange-correlation potentials, as well as the projector augmented-wave method (PAW) [8] for ionic potential, were employed to model the electron-electron and electron-ion interactions. The psudopotentials are from the pseudopotential package potpaw PBE.52 supplied by VASP website. The plane wave basis cutoff was set to 500 eV and atomic positions were relaxed with the convergence thresholds of 10 −5 eV and 0.005 eV/Å for the total energy and force on atom. In the calculations of the Moiré cells with reduced interlayer spacing, the atomic positions are not relaxed, only decrease the interlayer spacing. For the cell of TBG with a 6.01
• angle, a mesh of 9 × 9 × 1 k-points were sampled for the Brillouin zone integration. The van der Waals (vdW) interaction is included in our calculations, and the van de Waals functional we used is the vdW-DF2 scheme, proposed by Langreth and Lundqvist et al. [9] III. RESULTS AND ANALYSIS A. atomic structure of unit cell for TBG When two identical graphene layers are rotated by an angle θ, Moiré pattern can be obtained. [10] For a graphene layer, the Bravais lattice basis vectors are
the Moiré cell vectors are t= V = m a 1 + n a 2 and t ′ = -m a 1 + (m+n) a 2 . The rotation of one graphene layer is shown in Fig. 1 (a) . The lattice vector V = m a 1 + n a 2 is labeled as
The vector to form the TBG. Fig. 1 (b) show the atomic structure of TBG unit cell with rotation angles of 13.17
• , in which the top layer is blue and and bottom layer is red, and the atom number is 76 in such a unit cell.
B. Van Hove singularity in density of states of TBG with different rotation angles and interlayer spacings
The linear dispersion and Dirac cones in electronic band structure is the important features of graphene. For the TBG, the Dirac cones belonging to top layer and bottom layer intersect to result in the sharp peaks of density of states (DOS) on both sides of Fermi energy, which are called as Van Hove singularities. [4] We perform the electronic structure calculations for TBG with the rotation angles of 21.79
• , 13.17 • , 9.43
• , and 7.34
• , the total DOS are shown in Fig. 2(a) , (b), (c), and (d) respectively. The positions of Van Hove singularity below Fermi energy for θ = 21.79
• situations are -1.33 eV, -0.84 eV, -0.59 eV, and -0.44 eV. As the rotation angle decreases, the peaks of DOS related to Van Hove singularities are more and more close to Fermi energy. When we further decrease the rotation angle, the two Van Hove singularities at both sides of Fermi energy can merge and form one sharp DOS peak at Fermi energy, which often is related to the instability of electronic states and lead to the occurrence of some novel physical phenomenons such as magnetism, charge density wave, and superconductivity.
For a unit cell of TBG with the rotation angle smaller than 2.0
• , the number of atoms is greater than 3268. From the viewpoint of first-principles calculation, it is impossible to simulate the electronic properties of TBG with very small angle. Consequently, the first-principle study on TBG with the Van Hove singularity crossing the Fermi energy has rarely been reported though there are lots of research works on TBG for the recent decades. However, we find out that if the spacing between two layer is compressed, the position of DOS peak related to Van Hove singularity is shifted to Fermi energy. For the • , the distance between two layers is decreased to 3.21Å, 3.05Å, 2.83 A, and 2.69Å. The corresponding total DOS are shown in (e), (f), (g), and (h). With the distance being shorter, the DOS peaks are more close to Fermi energy.
TBG with θ = 7.34
• , the distance between two layers is decreased to 3.21Å, 3.05Å, 2.83Å, and 2.69Å, and the corresponding DOS peaks below Fermi energy locate at -0.38 eV, -0.32 eV, -0.20 eV, and -0.11 eV, shown in Fig.  2 (e) , (f), (g), and (h). So, it is expected that the reduction of distance between two layers of TBG is a feasible approach to realize the Van Hove singularity crossing the Fermi energy in a relatively large angle TBG. Moreover, apart from the twisted angle, the interlayer distance is another important factor to influence the electronic properties of TBG systems.
C. Band structures of TBG with different rotation angles and interlayer spacings
With twisted angle becoming smaller, the scale of graphene sheet in a unit cell become larger and the energy bands become more narrow. When the angle is smaller than a certain value, the flat band appears that is closely connected to strong correlation of electronic system. The band structures of TBG with the rotation angles of 21.78
• are shown in Fig. 3 left panel. As the rotation angle is fixed at 7.34
• , the spacing between two graphene layers are compressed to 3.21Å, 3.05Å, 2.83Å, and 2.69Å. The band structures of TBG with these narrower interlayer spacings are displayed in Fig. 3 • for the interlayer spacings of 3.21Å, 3.05Å, 2.83Å, and 2.69Å. The Fermi energy is marked by the dashed line. With the rotation angle being smaller and the interlayer spacing being narrower, the valence and conductance bands become flatter.
point the energies of valence and conductance bands correspond to the positions of Van Hove singularity in DOS spectra. With the rotation angle decreasing and interlayer spacing being compressed, the gap at M point between valence and conductance bands becomes smaller, while the Dirac cone at K point still persists. The width of conductance band and valence band for above situations are listed in Tab. I.
D. Coulomb repulsion between two electrons on one graphene sheet in TBG with different rotation angles and interlayer spacings
For the TBG with small twist angle, the interlayer coupling mediated by moiré potential induces the flat lowenergy bands and the quenching of the electron kinetic energy leads to a correlated insulating phase at half-filling of these flat bands. Upon electrostatic doping away from the insulating state, the superconducting state with multiple similarities to cuprate's are observed. [11, 12] The charged TBG with small twist angle is reminiscent of Cs 3 C 60 and potassium-doped aromatic compounds (for example, picene and coronene), which are demonstrated to be the strong correlation systems in experiment and exhibit the unconventional superconductivity. [13, 14] For the TBG, C 60 and aromatic hydrocarbons, their main chemical component is carbon and six-member carbon ring is the basic structural unit. Thus, the similarity of their structures imply that there are similar mechanism of electronic correlation in the three kinds of compounds.
A simple method to estimate the Coulomb repulsion in molecular crystal was proposed by G. Brocks et al. [15] , and the effective Coulomb repulsion was expressed as U ef f = U bare − U screen . The Coulomb repulsion U bare for two charges on single molecule can be derived from the difference of the energies of the neutral, doubly and singly charged molecules, and U screen is the screening energy involved in the polarization of the molecule and the neighbored molecules in crystal. In the subsequent researches, the method was widely used to study the electronic correlation in alkali-metal-doped pentacene and picene. [16] [17] [18] Especially, Giovannetti et al. and Kim et al. calculated the strength of electron correlation of K-doped picene, denoted by the ratio of the Coulomb repulsion U and the width of bands w, and found that it is close to the ratio in Cs-doped C 60 . [17, 18] We adopt the similar method to calculate the Coulomb repulsion U in TBG, whose two sheets of graphene in a unit cell are regarded as two molecules. When one unit cell is charged by two electrons, each layer has one additional electron and is labeled as m − , which corresponds to the half-filling situation for the TBG band structure. [11, 12] Then the Coulomb repulsion between two electrons on each graphene sheet can be expressed as
, where m, m − , and m 2− mean neutral, one electron charged, and two electrons charged molecule, respectively. Since the TBG system is continuous and infinite in the xy plane and is isolated in the z direction, it is different from the charged picene molecule which is surrounded by other molecules to produce the screening effect. Hence, the above formula U is used to estimate the Coulomb repulsion in TBG systems. We first inspect the influence of rotation angle on the strength of electronic correlation in TBG systems. The results are listed in Tab. I that with rotation angle decreasing the band width becomes narrower and Coulomb repulsion become larger, resulting in the enhancement of electronic correlation strength in TBG system. It is consistent with the correlated electronic behavior of TBG at small angle observed in experiment. Then, we investigate the variation of the strength of electronic correlation in TBG systems when the spacing between two graphene layers is gradually reduced. For the TBG with the angle of 6.01
• , the conduction band width, Coulomb repulsion, and the correlation strength are computed and presented in Tab. II. As can be seen, the electron correlation is enhanced greatly with the interlayer space decreasing.
As the twist angle of TBG decreases, the size of unit cell increases and the moiré potential has the larger pe- riod in real space. The reduction of interlayer spacing is related to the more strong interaction between two graphene layers. Based on the data in Tab. I and II, we can draw a conclusion that the space period of moiré potential and interlayer interaction, related to the cell size and interlayer spacing, are two main factors to determine the strength of electron correlation.
E. Flat bands of TBG with small interlayer spacing at θ = 6.01
For TBG with magic angle, to simulate the flat band and van Hove singularity near Fermi energy is difficult because the unit cell contains too many atoms. By now, the first-principles calculations on the flat band character has not been reported. However, if the interlayer spacing of TBG is reduced, we can use a moderate unit cell of TBG with narrow interlayer spacing to reproduce the flat band and van Hove singularity near Fermi energy. Here, we choose the unit cell of TBG with twist angle of 6.01
• , which is composed of 364 atoms. The band structures of TBG with the interlayer spacing of 2.432Å, 2.428Å, 2.425Å, 2.421Å, and 2.418Å are shown in Fig. 4 . As can be seen, the width of conductance band marked as magenta color first decreases and then increases with the interlayer spacing reducing, and especially, the band width for 2.425Å situation in middle panel is less than 0.01 eV. The results indicate that by carefully selecting the value of interlayer spacing we can obtain the flat and very narrow energy band of TBG. In other words, the strongly correlated state can be realized in medium-sized Moiré cell of TBG by tuning its interlayer coupling.
In addition, it is emphasized that the medium-sized moiré cell with strong correlation has a great significance for exploring the superconductivity of TBG. In half-filling electronic state with each Moiré cell charged by two electrons, the carrier density of medium-sized cell is much higher than the one of the large size Moiré cell. Due to the dependence of superconductivity on carrier density, the higher superconducting transition temperature can be expected in this medium-sized Moiré cell of TBG.
IV. CONCLUSIONS AND DISCUSSION
In summary, we have performed the first principles calculations on the electronic properties of TBG with cer- tain rotation angles and interlayer spacings. The ratio of Coulomb repulsion U and the energy band width w is adopted to estimate the strength of electronic correlation of TBG systems. In TBG systems, with the decrease of the rotation angle and the increase of interlayer spacing, the Coulomb repulsion becomes stronger and the band width become narrower, resulting in the enhancement of electronic correlation. These results indicate that the strength of electronic correlation in twisted bilayer graphene is closely related to two factors: the size of unit cell and the distance between layers. Consequently, a conclusion can be drawn that the strong electronic correlation in twisted bilayer graphene originates from the synergistic effect of the large size of Moire cell and strong interlayer coupling on its electronic structure.
